Abstract. Cysticercosis, a disease caused by the larval form of Taenia solium, is diagnosed by detection of specific antibodies or by imaging techniques. Our preferred immunologic assay for cysticercosis is the enzyme-linked immunoelectrodifusion transfer blot, or immunoblot, using the lentil lectin bound antigens from larval cysts. Antibody reactivity with any one of seven glycoproteins is diagnostic for cysticercosis. To develop a simple antibody detection assay for field use, we have synthesized an 8-kD diagnostic antigen, sTs18var1 (a secreted protein with a mature size of 67 amino acids), and expressed a 50-kD membrane protein antigen, rGp50. We used these two diagnostic proteins in a quantitative Falcon assay screening test-enzyme-linked immunosorbent assay (FAST-ELISA) to measure the antibody responses in Peruvian pigs with cysticercosis. Three study designs were used. First, we followed the kinetics of antibody responses against these two diagnostic proteins in pigs with cysticercosis that were treated with oxfendazole. Second, we measured antibody response in naive experimentally infected pigs. Third, we followed the maternal antibodies against rGp50 and sTs18var1 in piglets born from sows with cysticercosis. These studies showed that antibody responses against the two diagnostic proteins in the FAST-ELISA are quantitatively correlated with infection by viable cysts, with anti-sTs18var1 activity being most responsive to the status of infection.
INTRODUCTION
Taenia solium (pork tapeworm) has a two-host life cycle, with humans as the only definitive host carrying the adult tapeworm in the intestine and pigs as the intermediate host harboring the larval cyst in muscles or brain. Humans also occasionally become the intermediate host by harboring the metacestode/cysticerci of T. solium after ingesting the eggs of the tapeworm, a condition known as cysticercosis. Taenia solium cysticercosis is endemic in many developing countries. 1, 2 It increases the prevalence of epilepsy in humans and causes significant economic loss because of infested pork.
Since the pig is the intermediate host and the only reservoir source for this parasite, porcine cysticercosis is critical for the development of strategies to control cysticercosis and will benefit the rural poor by preventing pork condemnation. [3] [4] [5] Prevalence of porcine cysticercosis is a reliable indicator of active transmission. In Peru, we use sentinel pigs to monitor transmission and measure efficacy of control programs. We prefer to use native sentinel pigs rather than importing animals from the city, even though seronegative animals are rarer, but native pigs are less expensive and more resistant to local pathogens than city pigs. 3 Unfortunately, the use of native sentinel pigs is hampered by the longevity of transferred maternal antibodies from colostrum that can last up to eight months. 4, 6 Development of a quantitative, rapid, serologic assay such as the Falcon assay screening test-enzyme-linked immunosorbent assay (FAST-ELISA), 7, 8 to differentiate active from inactive infections will be better suited for field use. To develop a highly sensitive and specific FAST-ELISA, we have cloned, sequenced, and produced two of the seven lentil lectin-bound glycoprotein diagnostic antigens used in the enzyme-linked immunoelectrodifusion transfer blot (EITB). 9, 10 The first one is a recombinant glycoprotein known as Gp50 (rGp50), a membrane-bound protein that we have expressed in insect cells, 11 and the second one is an 8-kD protein (with a mature size of 67 amino acids) known as T. solium 18 var 1 (sTs18var1) that we have chemically synthesized. 12 These two antigens represents two of three dominant antigens of the original diagnostic glycoproteins used the EITB.
In this study, we report the use of the FAST-ELISA with rGp50 and sTs18var1 to quantify the progress of infection in porcine cysticercosis and to differentiate between active and inactive infections. Understanding the progress of infection in porcine cysticercosis will allow us to learn more about the progress of infection of human cysticercosis, where the only available indicator for therapeutic successes is neuroimaging techniques that are not available in many parts of the world where the disease is endemic. 13 
METHODS AND MATERIALS
Sera samples. We used samples from three studies. The first was an oxfendazole (OFZ) treatment study designed to prove that infected pigs that were treated and cured with OFZ become immune to future infections. 5 Briefly, 19 infected pigs (based on positive EITB and tongue inspection and purchased from an endemic village) were treated with single oral dose of 30 mg/kg of OFZ, a cysticercidal drug. The pigs were kept 20 weeks after treatment to ensure that all muscle cysts were killed. Each treated pig was then matched by age and sex with two uninfected pigs and send back to the endemic village. Three months later, all animals were repurchased from villagers, transported back to our specific pathogen-free facility in Lima, and kept for an additional three months, a sufficient time for cysts to achieve full maturity. Pigs were then killed in an abattoir and a detailed dissection of the carcasses was performed to determine parasite burden. Serologic status of all pigs was determined by the FAST-ELISA.
In the second study, 16 naive pigs were fed oncospheres or eggs (in proglottids). Sera were collected weekly for 12 weeks and the pigs were then killed as described in the first study. Four naive pigs were used as uninfected controls. Serologic status of all pigs was determined by the FAST-ELISA.
In the third study, 34 piglets from 4 sows with cysticercosis were followed for up to 145 days. Serologic status of all piglets and sows were determined by the FAST-ELISA.
Serology. Sera collected were analyzed by the FAST-ELISA as previously described. 7, 8 To ensure comparability of day-today measurement, we prepared a standard serum pool from the sera of five Peruvian pigs with confirmed cysticercosis and with high antibody activities against rGP50 and sTs18var1. We defined 1 L of the standard serum pool as having 100 units of activity. A reference curve constructed from the standard serum pool was included with each assay. The diluent used was a negative United States pig serum pool obtained from Equitech (Kerville, TX).
Sticks (transferable solid phase screening, catalog # 445497; Nunc, Roskilde, Denmark) were sensitized with 1 g/mL of rGp50 and 2 g/mL of sTs18var1, respectively, in 96-well plates (Catalog # 269620; Nunc) for two hours at room temperature on a shaker (Titer Plate Shaker; Laboratory-Line Instruments, Melrose Park, IL) at speed 5. The diluent used was 0.01 M phosphate-buffered saline (PBS), pH 7.2. After sensitization, the sticks were washed with 0.01 M PBS, pH 7.2, containing 0.3% polyoxyethylene sorbitan monolaurate 20 (Tween 20; Sigma Chemical Company, St. Louis, MO) using a standard plastic garden sprayer. Sera to be assayed for antibodies against rGp50 and sTs18var1 were dispensed into the wells, and 4.5 L of serum were diluted to a total volume of 150 L in 0.01 M PBS, pH 7.2/0.3% Tween 20/5% nonfat dry milk. Sera with activities above the maximum standard curve were diluted further using the United States normal pig serum until the activities were within the boundaries of the standard curve. Sticks were exposed to the sera for fives minutes at room temperature with mixing, washed again as in the previous step, and then exposed to a home-made antibody/enzyme conjugate (150 L of affinity-purified goat anti-pig IgG [heavy and light chain activity] labeled with horseradish peroxidase) and diluted 1:1,000 in PBS/Tween 20. After exposure to the conjugate for five minutes at room temperature with mixing, and washed as before, the sticks were immersed in 150 L of SureBlue 3,3Ј,5,5Ј-tetramethylbenzidine substrate (Kirkegaard and Perry Laboratories, Gaithersburg, MD) for five minutes at room temperature with mixing. The sticks were then removed and discarded. The absorbance of each well was measured at 650 nm using a ThermoMax microtitration plate (Molecular Devices, Sunnyvale, CA). The activity unit of each serum sample was derived from the standard curve and was expressed in units/microliter. All samples were run in triplicate.
Data analysis. The FAST-ELISA for rGp50 and sTs18var1 performance index (Youden J index) was determined.
14 In principle, the J index is sensitivity (number of positive samples detected in the infected group divided by number of known positive samples) plus specificity (number of negative samples detected in the uninfected group divided by number of known negative samples) minus 1. The highest J index obtainable is 1.0 and occurs only when there is 100% sensitivity and 100% specificity. 7, 14 Optimizing the J index will, therefore, allow us to determine what assay cut-off point to use to differentiate between positive and negative samples. The mean number of weeks at which time antibody responses decreased below and increased above the detection level was determined by calculating Kaplan-Meier product limit estimates of the survival function. Pearson correlation coefficients were used to assess the association between infection and antibody response. All statistical analysis were performed using SAS version 8.02 (SAS Institute, Cary, NC). 15 
RESULTS
Determination of the J indices and the test cut-off points. The results from the assay of the pretreatment sera from the 19 OFZ experiment pigs (pigs positive for cysticercosis) and 27 control pigs gave a J index of 0.86 with a cut-off point of 0.40 unit/L with rGp50 and a J index of 1 with a cut-off point at 0.70 unit/L with sTs18var1, respectively. Therefore, sera with activity units Ն 0.40 for rGp50 and Ն 0.70 for sTs18var1 were considered positive.
Oxfendazole study. For analyzing the antibody responses after treatment with OFZ, only data from infected pigs will be reported. A total of 19 infected and treated pigs were observed in the study; 4 pigs (21%, 4 of 19) were found to have viable cysts at the end of the study and the rest of the pigs (79%, 15 of 19) had only degenerated or no remnants of cysts found. In those pigs with viable cysts, all viable cysts were found only in the brain. In all infected and treated pigs, the antibody responses against rGp50 and sTs18var1 showed similar patterns: increased antibody responses against rGp50 and sTs18var1 immediately after treatment and then mostly a decrease to below detection levels at a mean ± SE of 40.9 ± 1.6 weeks for rGp50 and 20.7 ± 2.5 weeks for sTs18var1 (Figures 1 and 2) . At end of the study, in pigs with only degenerated cysts, 40% (6 of 15) and 13% (2 of 15) of the antibody responses against rGp50 and sTs18var1, respectively, were above the cut-off point. For pigs with viable cysts, 50% (2 of 4) of the antibody responses against rGp50 and sTs18var1 were above the cut-off point by end of the study. The two pigs that tested negative were animals with only minimal numbers of cysts in the brain. In all instances, the ratio of rGp50/sTs18var1 was > 1.
Experimental infection. In this study, 20 pigs were inoculated by several methods to produce porcine cysticercosis. In four pigs that received no infection (control pigs), all were free from cysticercosis and antibody responses against rGp50 and sTs18var1 were below detection limit. In 16 pigs that received infective eggs, two pigs had only degenerated cysts and they showed some increase of antibody responses to rGp50 and sTs18var1, but by end of the study, the antibody responses decreased below the cut-off point, except in one pig against sTs18var1.
There were 14 pigs with living cysts by end of the study (range ‫ס‬ 1-590 alive cysts and 6-601 total cysts). The antibody responses against rGp50 and sTs18var1 followed the same patterns, and could be detected as early as three weeks, with mean ± SE times for detection of 7.6 ± 0.8 weeks for rGp50 and 6.1 ± 0.6 weeks for sTs18var1 (Figures 3 and 4) . By the end of the study, 70% of the pigs with viable cysts had a positive antibody response against rGp50 and 93% had a positive antibody response against sTs18var1. In this experiment, the ratio of rGp50/sTs18var1 was < 1. The correlations between antibody responses at the time of necropsy and number of viable cysts were 0.62 and 0.86 for rGp50 and sTs18var1, respectively.
Sow-piglet study. In this study, 34 piglets from 4 sows with cysticercosis were followed for 145 days. The relationship be-tween antibody responses against rGp50 and sTs18var1 in sows and their piglets at time of delivery is shown in Table 1 . Sows with higher antibody responses against rGp50 and sTs18var1 had piglets with higher levels of maternal antibodies. Maternal antibodies against rGp50 and sTs18var1 in piglets decreased below detection levels at a mean ± SE of 74.4 ± 4.8 days and 31.1 ± 4.4 days, respectively ( Figure 5 ).
DISCUSSION
The results of this study suggested that we could use antibody data from the FAST-ELISA for rGp50 and sTs18var1 to quantitatively follow the progress of infection, treatment of cysticercosis in pigs, and the fate of maternal antibodies in piglets. Antibody responses against rGp50 and STs18var1 did not show significant differences. The only clear difference was that in pigs with established infections, the ratio of rGp50/ sTs18var1 is >1, but it was reversed in the early infections, such as the experimentally infected pigs. Antibody responses against rGp50 could be detected at seven weeks postinfection instead of at six weeks with sTs18var1 and waned later at 41 weeks instead of 21 weeks. Also, in piglets, maternal antibodies against rGp50 waned at nine weeks compared with four weeks against sTs18var1.
Data from OFZ-treated pigs with viable cysts showed that positive antibody responses against rGp50 and sTs18var1 could be detected in only 50% of the pigs. The viable cysts were found in only in the brain. We speculated that viable cysts in the brain did not induce high antibody responses due to the fact that the brain is considered a privileged site for immune functions. 16 To answer the question of any difference in antibody responses against rGp50 and sTs18var1 between pigs with viable and non-viable cysts, data from the experimentally infected pig study showed that infection or cysts viability correlated well with antibody responses against sTs18var1 (r ‫ס‬ 0.86), but not against rGp50 (r ‫ס‬ 0.62). In the sow-piglet study, we found that although the piglets were not infected, they do have maternal antibodies against rGp50 and sTs18var1. The antibody against sTs18var1 however, waned after 31 days; this observation is important because it enables one to differentiate pigs with real infections from those maternal antibodies, an effort that is quite difficult with the EITB. There are several implications of this study. First, it is possible to use a simple, fast, quantitative FAST-ELISA to follow the progress of infection in porcine cysticercosis, correlate antibody responses with viability of cysts, and monitor the progress of maternal antibodies in piglets. We showed that the FAST-ELISA for sTs18var1 could give us more information than that for rGp50. The reasons are that antibody against sTs18var1 disappears early in treated pigs and piglets, is found in 93% of the infected pigs, and has a higher correlation with cyst viability (r ‫ס‬ 0.86) and a J index of 1. Second, for the purpose of cysticercosis control programs, the EITB is important for estimating the burden of exposure (total exposure to cysticercosis), 17 but the FAST-ELISA for sTs18var1 will give a better estimate of the true prevalence of cysticercosis (ability to detect infected pigs with live cysts and thus potential sources of infection) and also confirm treatment efficacy in the frame of intervention control programs. Combination of the EITB and FAST-ELISA for sTs18var1 will give a better picture of the cysticercosis problem. The only disadvantage of this FAST-ELISA system is that it failed to detect an antibody response in 50% of the pigs with viable cysts only in the brain. This situation will be crucial when it comes to diagnose human neurocysticercosis, but this problem exists also with the EITB. 18 In conclusion, the FAST-ELISA for rGp50 and sTs18var1 could follow the progress of infection in porcine cysticercosis and the antibody responses against rGp50 and sTs18var1 correlated well with cysts viability, although the overall performance of the FAST-ELISA for sTs18var1 was better than for rGp50. 
